A B S T R A C T The changes in levels of glycosaminoglycans (GAGs) of the intima and media of the human artery in atherosclerosis were determined by a recently introduced two-dimensional electrophoresis technique that permits direct measurements of each of these macromolecules. To demonstrated that CSB is a hybrid consisting of approximately 40% CSA and 60% CSB and that CSC appears to be a polymer consisting essentially of glucuronic acid and N-acetylgalactosamine-6-sulfate. Classical CSA as well as chondroitin (CH) were not present in detectable amounts.
demonstrated that CSB is a hybrid consisting of approximately 40% CSA and 60% CSB and that CSC appears to be a polymer consisting essentially of glucuronic acid and N-acetylgalactosamine-6-sulfate. Classical CSA as well as chondroitin (CH) were not present in detectable amounts.
In the relatively normal intima, the mean concentrations of the GAGs were found to be 4.7, 20.9, 1.3, and 5.1 mg/g of dry, defatted, decalcified tissue for CSB, CSC, HA, and HS, respectively. With the progression of atherosclerosis, there was a pronounced decrease in the total GAG content (from 32 to 18 mg) associated with a decrease in the CSC and HS levels but without a change in the HA concentration. Of particular interest, however, was the increase in ithe CSB level. In the media whose total GAG content averaged approximately 20 mg, no significant changes in these GAG levels were noted with the progression of INTRODUCTION Many investigators have studied the glycosaminoglycans (GAGs) 1,2 of normal and atherosclerotic arteries and have reported conflicting findings (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Kaplan and Meyer (2) found insignificant differences in the total GAG contents of the normal and atherosclerotic aortas but demonstrated significant changes in the GAG composition of these vessels. With increasing severity of atherosclerosis, the concentration of chondroitin sulfate C (CSC) and hyaluronic acid (HA) appeared to decrease, while the content of chondroitin sulfate B (CSB) and heparan sulfate (HS) increased. Chondroitin sulfate (CSA), heparin (HP), and keratan sulfate (KS) were not detectable in either the normal or the diseased aorta. On the other hand, Bertelsen and Marcker (3) reported a decrease in the GAG concentration in the atherosclerotic aorta, while Schmidt and Dmochowski (4) reported an increase of these polysaccharides in the diseased artery. In recent studies in which the concentrations and compositions of the arterial GAGs were correlated with the severity of atherosclerosis, Kumar (5) and Dalferes (8) and their coworkers found that the fatty streak lesions contained 1 Since the nomenclature of the mucopolysaccharidases in-an increased content of GAGs due to increased levels of CSA, CSB, and CSC. In advanced atherosclerosis, with fibrous plaque formation, these workers reported a decrease in the total GAG content in association with a decrease in the sulfated GAGs. A noteworthy finding was the near absence of CSB in the fibrous plaque lesion.
In addition to these contradictory results on the quantitative changes of the GAGs, the question as to the presence of CSA and/or CSB in the atherosclerotic intima also remained unanswered (4, 5, 9, 15, 19) . A number of factors might account for the qualitative and quantitative differences in the reported GAG values of the normal and atherosclerotic arteries. These factors include differences in the fractionation procedures (16, 17) and in the methods used for the quantitative de- termination of the GAGs (20) . Most of the methods previously utilized to study GAGs are time-consuming and lack a high degree of sensitivity for a specific acid mucopolysaccharide.
Recently, a relatively simple and rapid technique for measuring GAGs has been developed by Hata and Nagai (21, 22) that permits separation of the GAGs by two-dimensional electrophoresis. This method is very sensitive, circumvents the losses due to extraction and fractionation of these macromolecules, and yields highly reproducible results. An equally important development in the area of identification of GAGs is the introduction of new enzymes that cleave these macromolecules specifically (19, 23) .
In the present paper both the two-dimensional electrophoretic method and the enzymatic techniques were used to identify more precisely the arterial acid mucopolysaccharides and to study the changes in the levels of these GAGs with the progression of atherosclerosis.
METHODS
Classification and delipidation of the arterial specimens 84 human aortas (Table I) were obtained at autopsy within 24 h after death. The extent and severity of atherosclerosis was assessed by gross visual examination of the aortic intimal surface. The severity of the disease was further evaluated by microscopic examination of the lesions. The operational definitions of the different types of atherosclerotic lesions were similar to those used by the International Atherosclerosis Project (24 plaques complicated by ulceration, necrosis, or thrombosis, with or without calcification.
After contaminating blood was removed from the aortas by gentle cleaning with a moist saline gauze, they were stripped of their adventitia and then separated into an intimal and a medial layer. Microscopic examination of the intimal layer revealed that it was composed of the entire intima with a small portion of adherent media (less than 10%), whereas the medial layer was free of intima and adventia. In some atherosclerotic aortas the plaque and the adjacent, relatively normal area were excised and analyzed separately. All specimens were stored at -200C and then minced and delipidated with chloroform-methanol (3: 1). The defatted tissue was then dried under vacuum and in the presence of P205 at 560C in an Abderhalden drying apparatus (model 9-202, Fisher Scientific Co., Pittsburgh, Pa.) until constant weight was obtained.
Proteolytic digestion
Approximately 100 mg of dry, defatted intima or media was suspended in 3 ml of pH 7.6 buffer (5 mM NaCN, 10 mM cysteine-HCl, and 10 mM EDTA) and digested at 60°C with 3 mg (48 U) of papain (P-L Biochemicals, Inc., Milwaukee, Wis.) while being gently stirred. After 20 h, the pH of the solution was adjusted to 8.0 with 0.1 N NaOH, and 5 mg of Pronase E (70,000 p.u.k/g) (Kaken Biochemical Co., Tokyo, Japan) and 10 mg of Ca(Ac)2 were added. The second proteolytic digestion was carried out at 45°C for 20 h. The digest was then centrifuged at 12,000 rpm and 4°C for 20 min and the residue was washed with 5 ml of distilled water (to recover any GAGs occluded in the insoluble material), centrifuged, dried, and weighed. The supernatant and wash solutions were pooled and lyophilized. Portions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) in alcian blue, and later used for the identification of the arterial GAGs resolved in the first direction of the electrophoresis. The remaining portion of the cellulose acetate sheet was next wetted with the second solvent, 0.1 M Ba(Ac)2, by a wick, and after application of the second standard GAG solution (1 ,tg of each of CSB, CSC, and HP/2 Al of water) to the point of origin, the electrophoresis in the direction perpendicular to the first one was performed at 100 V for 6 h (Fig. 1) . The cellulose acetate sheet was then stained for GAGs with alcian blue (20 min), destained with 0.1% acetic acid (20 min) , and further washed with water. To ensure complete staining of the GAGs present in relatively high concentrations, 1% alcian blue in 0.1% acetic acid was employed routinely. The tentative identification of the aortic GAGs was made by comparing their electrophoretic mobilities with those of the standards.
Chromatographic analysis. For the partial purification of the intimal GAGs, a Pronase-papain digest (1 g) of several pooled grades III and IV atherosclerotic intimas was dialyzed at 5°C for 5 days against water to remove the bulk of the formed amino acids, peptides, glycopetides, and salt, and then chromatographed on a DEAE-Sephadex A-25 (Pharmacia Fine Chemicals Inc., Piscataway, N. J.) column previously equilibrated to pH 7.0. Each fraction (8 ml) was dialyzed against water for 5 days, freeze-dried, redissolved in 0.5 ml of water, and analyzed by the twodimensional electrophoresis technique.
Enzymatic analysis
Chondroitinases ABC and AC. The further identification of intimal chondroitin sulfates was made according to the method of Saito et al. (23), employing chondroitinases ABC and AC. Fractions from the mentioned DEAE-Sephadex column that contained chondroitin sulfates (50-100 ,tg) were dissolved in 40 jul of water and, after the addition of 5 ul, pH 8.0, stock Tris buffer (3 mg of Tris, 2.4 g of NaAc, and 50 mg of bovine serum albumin in 100 ml of 0.13 N HCl), incubated at 37'C for 4 h with either 0.1 U chondroitinase ABC or 0.3 U chondroitinase AC. Paper chromatography (17 h, n-butanol: acetic acid: 1 N ammonia, 2: 3: 1) was used for the identification of the digestion products. Two-dimensional electrophoretic analysis of the chondroitinase hydrolyzate was employed for the quantitation of any undigested GAGs. The resulting digests (2.0 ml each), of which small samples were first analyzed by two-dimensional electrophoresis, were adjusted to pH 5.2 with 1 Al of glacial acetic acid, and 0.5 ml of each of the hydrolyzates was then incubated with 0.2 mg of bovine testicular hyaluronidase (GAG:enzyme ratio of 2: 1) at 37°C for 48 h. The hyaluronidase digests were analyzed by two-dimensional electrophoresis, and the amounts and types of the undigested GAGs were determined to assess the extent of the digestion of CSB, CSC, and HA by bovine hyaluronidase. Quantitation of the GAGs. The arterial GAGs were quantitated by the two-dimensional electrophoresis technique of Hata and Nagai (22) . After separation of the GAGs and staining of the cellulose acetate sheet as mentioned above, each spot was cut from the sheet (along with a blank of the same size) and the bound dye was eluted by soaking overnight in 1 ml of a 5%o solution of cetylpyridinium chloride (J. T. Baker Chemical Co., Phillipsburg, N. J.).
To extract the dye bound to arterial HA completely, 5%o cetylpyridinium chloride in 10 mN HCI (pH 1.8) and subsequent incubation in a boiling water bath for 15 min were found necessary. The amounts of each GAG were found by measuring the absorbances of the resulting solutions at 615 nm and comparing them with the appropriate standard curves.
For the standard curves, highly purified GAGs' were used. Each standard GAG (1 mg) was dissolved in 4.0 ml of water, and portions (2-20 4l) were applied to the cellulose strip. After the two-dimensional electrophoresis, the stained areas were cut out, the dye was eluted and the absorbance was measured at 615 nm. The resulting absorbances were then plotted against the amount of the applied GAG.
The content of each GAG was expressed in milligrams GAG per gram of dry, defatted, decalcified tissue. The residues obtained after proteolytic digestion of the aortic tissues, whose ash contents consisted primarily of calcium phosphate (25) , were subtracted from the initial dry, defatted weight of the tissues to obtain the decalcified dry weights. These insoluble residues averaged 5, 10, 25, and 40%o of the dry, defatted weight of the intimas of grade I, II, III, and IV, respectively. After their decalcification with EDTA (16, 26) , these residues contained less than 3% of the total GAG content of the tissue.
Recovery of standard GAGs
The recovery of each GAG was determined as follows.
A standard GAG (0.1 mg) was added directly to a dry, defatted intima and hydrolyzed with papain and Pronase as described above. After analysis by two-dimensional electrophoresis, the recovery of this standard was calculated from the difference between the total and the original content of the particular GAG of the sample analyzed. As a control, the standard GAGs were also incubated with papain and Pronase (enzyme: substrate ratio 1: 4, 600C,
Carbohydrate analysis
Portions of the three GAG fractions, prepared by DEAESephadex chromatography, were purified by the method of Schiller et al. (27) . They were then hydrolyzed in sealed evacuated tubes with 4 N HCl for 6 h, dried with a rotary evaporator, and redissolved in 1.0 ml of water. The hexosamine content was determined with the aid of an autoanalyzer (JEOL Analytical Instruments, Cranford, N. J., model 6AH) with pH 4.25, 0.2 M sodium citrate buffer, or by gas-liquid chromatography (Hewlett-Packard Co., Palo Alto, Calif., model 402) after reduction and acetylation (28) . Uronic acids were determined by the procedure of Roden and co-workers (29) . The partially separated GAG fractions were hydrolyzed with 2 M trifluoroacetic acid at 100°C for 4 h. The hydrolyzates were then analyzed by paper chromatography with ethylacetate-acetic acid-water (3: 1: 1).
RESULTS
The two-dimensional electrophoretic separation of standard GAGs
The seven standard GAGs (CSA, CSB, CSC, HA, HP, HS, and KS) resolved into seven spots on cellulose acetate by two-dimensional electrophoresis (Fig. 1) . This separation was similar to that described by Hata and Nagai (21) . The three GAGs of each of the two standard mixtures (HA, CSB, and HP; CSB, CSC, and HP) used as references in the two electrophoretic directions were well resolved from each other.
Identification of arterial GAGs
Electrophoretic analysis. The two-dimensional electrophoresis of a proteolytic digest of a grade I intima revealed the presence of four GAGs that had mobilities essentially identical to those of HA or chondroitin, CSB, CSC, and HS ( Fig. 2A) . The When standard CSB, CSC, and HA were added, the amount of bound dye on the cellulose acetate plate containing the intimal CSB, CSC, and HA, respectively, increased corresponding to the amount of standard GAG added. The addition of standard HS derived from beef lung resulted in a relatively broad HS spot because of i,ts slightly higher electrophoretic mobility in the first direction. This difference in mobility was expected because of the known lower sulfate content of the aortic HS as compared with that of lung HS (31) . Standard CSA resulted in a spot located between CSB and CSC, while KS and HP each resulted in spots where no intimal GAG was observed. Hyaluronic acid and CH could not be distinguished from each other. The electrophoretic analysis of the GAGs of a grade IV intima (Fig. 2B ) also revealed four components; however, CSB was now equally as noticeable as CSC. In two specimens the level of HS was so low in concentration that it could not be detected. The GAGs of grade II and III intimas afforded patterns intermediate between those of grades I and IV intimas. The GAGs of grade I, II, III, and IV medias gave patterns with four spots each, which appeared very similar to each other and to that of a grade I intima (for quantitative differences, see below.
Additional experiments pertaining to the identification of the arterial GAGs were carried out with bovine testicular hyaluronidase to obtain further evidence for the presence of CSB in the atherosclerotic intima and media both of grades I and IV. As expected, HA and CSC were completely hydrolyzed, whereas CSB was only partially digested, to the extent of approximately 40%, as judged by the amount of alcian bluestaining material observed on two-dimensional electrophoretic analysis of the enzymatic digest. The only GAG found to be completely resistant to this enzyme was HS. The obtained data represent additional evidence for the presence in the intima and media of CSB, CSC, HA, and HS (for analyses with more specific enzymes, see below).
Chromatographic, enzymatic, and chemical analyses. Chromatography of the GAGs of a proteolytic digest of pooled grades III and IV intimas on a DEAESephadex column yielded three fractions (Fig. 3) , whose weights were 0.3, 3.5, and 27.4 mg. As judged by two-dimensional electrophoretic analyses, the first fraction contained HA, and any CH, the second HS, and the third both CSB and CSC. This separation agrees with that reported by Schmidt (32) . However, a partial separation between CSB and CSC was noted, a finding essential for the final identification of CSB.
Fraction 1 (0.3 mg) was completely digested with bovine testicular hyaluronidase, and more important, because of its high specificity for HA, with leech hyaluronidase (33) . From the lack of a spot in the CH-HA area on two-dimensional electrophoretic analysis of the A B FIGuRE 2 A two-dimensional electrophoretic pattern of the GAGs derived from a grade I or relatively normal intima (A) and that derived from a grade IV atherosclerotic intima (B). The GAGs identified were HA, HS, CSB, and CSC. For further details see Fig. 1 and text.
resulting digests, it could also be concluded that CH is not present in detectable amounts in the artery. This conclusion is further supported by the finding that fraction 1 contained almost entirely glucosamine (96%) and was found to be resistant to chondroitinase ABC. These data together with those presented above clearly demonstrate that the GAG of fraction 1 is HA and not CH. Fraction 2 (3.1 mg), found to be completely resistant to bovine testicular hyaluronidase and chondroitinase ABC, was hydrolyzed by heparinase. After 17 h of incubation, 80% of this fraction was digested, and after 48 h of incubation, no HS spot could be observed by two-dimensional electrophoresis. On hexosamine analysis fraction 2 was shown to contain only glucosamine. These results demonstrate that the GAG of this fraction is HS. Heparin, which would also be digested with heparinase, was not detected on two-dimensional electrophoretic analysis of the untreated intimal GAG mixture.
Fraction 3 was not homogeneous and was shown to consist of two partially overlapping subfractions, namely fractions 3B and 3C, as demonstrated by electrophoretic analysis of the GAGs present in the aliquots of the effluent of fraction 3 (Fig. 3) . Fractions 3B (5.3 mg) and 3C (8.5 mg), which were free of glucosamine, contained both CSB and CSC but in different ratios, as indicated below.
Fraction 3B, which contained approximately 80% CSB and 20% CSC, judging from the mentioned electrophoretic analysis, and which was completely digested with chondroitinase ABC, was hydrolyzed with chondroitinase AC on prolonged incubation, to the extent of approximately 40%, again as determined by the above-described electrophoretic technique. The predominant disaccharide formed was ADi-4S (78%). From chemical analysis the iduronic-to-glucuronic acid ratio of 1.6:1.0 (Fig. 4) that these GAG values varied on the average 3%, from the mean (Table II) in this series of analyses.
The necessity for multiple analyses. The two-dimensional electrophoretic pattern of the GAGs of a grade I intima ( Fig. 2A ) revealed considerable differences in the concentrations of the four GAGs. In the relatively normal intima, the level of HA is low and that of CSB is almost equal to that of HS and, as indicated above, the predominant acid mucopolysaccharide was found to be CSC. The average relative percentage of each GAG proved to be 4, 17, 16, and 65% for HA, HS, CSB, and CSC, respectively. Because of these differences, and to obtain valid measurements, each specimen was analyzed at five different concentrations. Thus, 5, 8, 10, 15, and 20 ,A of the intimal or medial hydrolyzate previously dissolved in 2.0 ml of water were applied to a cellulose acetate plate and analyzed. The two smaller samples were found to be advantageous for the determination of the amounts of CSB and primarily CSC. The largest amount was needed especially for the quantitation of HA. However, at the latter concentration, CSC was overloaded and could not be quantitated.
S:C 3C glucuronic acid (Fig. 4) . It should be noted further that no appreciable amounts (< 5%) of unsulfated or disulfated disaccharides were noticed on paper chromatography.
Quantitative analysis of the arterial GAGs
The standard curves. The standard curve of each GAG is characterized by a linear relationship between the concentration and the dye-binding capacity of the macromolecule within the range of 0.5-4.5 Ag of GAG (Fig. 5) .
The recovery of the arterial GAGs and duplicate analyses. The average recoveries of the GAGs from the arterial tissue, as described in Methods for CSA, CSB, CSC, HA, and HS, were 95±6%, 88+3%, 95+ 7%, 95±5%, and 90±8%, respectively. The effect of the two used proteolytic enzymes upon the GAGs was determined in independent experiments with the standard GAGs. The GAG content of the intimas from patients with progressive atherosclerosis. The analyses of 84 intimas with atherosclerotic involvement of grades I to IV by the two-dimensional electrophoretic technique revealed distinct changes in the concentrations of the intimal GAGs with progression of the disease (Fig. 6) . The GAG composition of the relatively normal tissue (grade I) was discussed above. Wi,th increasing severity of atherosclerosis, there was a progressive decrease in the total GAG content. This decrease was associated with decreases in the levels of CSC and HS by 50 and 67%, respectively. HA showed no significant changes during the progression of atherosclerosis. *However, the CSB levels were significantly higher in the grades II, III, and IV intimas than in the corresponding grade I tissue. This GAG showed a striking increase in its relative level by 35% (P < 0.001) from grade I to grade II. With the progression of the disease this value remained essentially constant, so that the levels of CSB and CSC in a grade IV intima were very similar, and thus appeared as two major GAGs on the cellulose acetate plate. It should be noted that, in contrast to earlier reports, all specimens contained significant amounts of CSB. The total GAG content of 32 mg/g of dry, defatted, decalcified tissue (dT) essentially paralleled the course of CSC and decreased at an almost constant rate to approximately half (18 mg) of its original value with increasing involvement of the disease. Because the intimas contained on the average 5% medial tissue, the level of each GAG was recalculated, and the medial contribution was found to account at most for 4%. For example, in grade I (Fig.  6) , the total GAG content decreased from 32.2 to 31.4 mg/g dT, the CSC content from 20.7 to 20.1 mg/g dT, and CSB from 5.1 to 4.9 mg/g dT, while the content of HA and HS remained essentially unchanged.
The GAG contents of the relatively normal and the adjacent plaque areas of the same intima. While the ages of the arterial specimens rose from grades I to IV (Table I) , these GAG changes appear to be due to atherosclerosis. To exclude factors other than atherosclerosis, such as age, which might influence the GAG levels, the following experiments were carried out. Eight intimas (Table III) , with their relatively normal areas, separated from the adjacent abnormal areas, were analyzed separately for their GAG compositions. The atherosclerotic involvement of the less severely involved areas corresponded to grades I-II, averaging a grade value of 1.6, and that of the adjacent, more severely involved areas corresponded to grades III-IV, averaging a value of 3.6. As compared to the GAG values of the relatively normal areas, the control for this experiment, the concentrations of the total GAGs, HS, and GLYCOSAMINOGLYCAN (,4g) FIGURE 5 The standard curves (dye-binding capacity) of GAGs. Appropriate aliquots of a solution of each standard glycosaminoglycan were applied to the cellulose acetate plate and, after two-dimensional electrophoresis, the alcian blue-stained GAG spots were eluted, and their absorbance at 615 nm was read.
CSC of the adjacent, diseased tissue were reduced on the average by 22, 56, and 29%, respectively, while the content of CSB increased by 9% (Fig. 7) . Hence, these findings agree well with those of the larger series of intimas with different atherosclerotic involvements (Fig. 6 ) when allowances were made for the aboveindicated intermediate grades of atherosclerosis of the small series of samples (Table III) , and suggest that the changes in the GAG levels are primarily due to progression of atherosclerosis and are little affected by age of these specimens.
The levels of the GAGs of the media. Quantitative analysis of the medial GAGs (Fig. 6) indicated that the compositions of these macromolecules were similar to that of the relatively normal intima. No significant changes in their composition and concentration with increasing severity of atherosclerosis were observed, with the exception of CSC. The content of CSC showed a significant increase (P < 0.01) from grade I to grade II atherosclerosis, followed by a decrease in the level of this GAG as the severity of the disease increased to grade III (P <0.02).
DISCUSSION
The earlier contradictory reports on the type and levels of the GAGs of the aorta (16, 17) Table I. resolved with the aid of the classical techniques5 have now been resolved with the two-dimensional electrophoretic method of Hata and Nagai (21, 22) in conjunction with specific mucopolysaccharidases. Further, in the present investigation it was found that the GAGs of a proteolytic digest of an aorta could be analyzed directly, i.e. without dialysis or fractionation. Thus, because the various steps5 earlier used for the isolation of the GAGs could be deleted, the losses in the determination of the acid mucopolysaccharides are negligible, and indeed excellent recoveries were obtained. For the complete identification of ,the arterial GAGs, the two-dimensional electrophoretic analysis was not sufficient, and therefore, several enzymes with high specificity for certain GAGs and isolation and chemical analysis of each GAG were included in this study. Hyaluronic acid, inseparable from CH by this electro- ' The earlier procedures included dialysis (6, 32) , precipitation of protein with trichloroacetic acid (4, 7, 32) , ethanol (4, 7), or calcium salts (4), preparative zone electrophoresis (34) , precipitation of the GAGs with hexadecylpyridinium chloride (27, 35) , absorption on celite (5, 35, 36) or fractionation on Dowex-1 (4, 7, 18, 27 The major problem to be solved pertained to the presence of CSA or CSB. This controversy has become particularly apparent in two recent reviews on the various aspects of study of the arterial GAGs (16, 17) . intima. The evidence for this is based on a series of independent experiments that include a comparison of the electrophoretic mobilities of the arterial GAGs when mixed with standard GAGs, and chemical and enzymatic studies of the highly enriched CSB obtained by DEAE-Sephadex chromatography. If CSA rather than CSB had been present, this GAG would have been rapidly and completely digested with the latter enzyme.
To explain these enzymatic findings it should be recalled that horse aorta CSB, the only GAG so far sequenced, proved to be a hybrid consisting of CSA, CSB, and CSC regions and was digested to a large extent (87%) by hyaluronidase (9) . From this series of experiments it was concluded that the GAG designated CSB above and concentrated in fraction 3B is a hybrid that consists of approximately 40% CSA and 60% CSB, with many properties almost identical to those of standard CSB. The nature of the second CS present in the arterial wall, designated CSC above and concentrated in frac-*tion 3C, should be discussed. Is this GAG really CSC, CSA, or a CSC-CSA hybrid? Electrophoretic analysis indicated that this GAG has the same mobilities as standard CSC, but different from the mobilities of standard CSA. Chemical analysis showed that this macromolecule consists essentially of glucuronic acid and galactosamine. Enzymatic analysis revealed the formation of ADi-6S in an amount almost identical to that expected from 80% of "CSC" present in fraction 3C. Further, if ,the GAG in fraction 3C were a hybrid consisting of The GAG levels of these specimens are summarized in Fig. 6 . Eight intimas were analyzed for the degree of atherosclerotic involvement (see Table III ). The obtained average values with standard deviation are given in this histogram.
CSA and CSC, the percentage of ADi-6S would have been lower, corresponding to the amount of ADi-4S derived from the CSA portion of this hypothetical hybrid. Our data demonstrate that this CS possesses many properties almost identical to those of standard CSC, and that the amount of classical CSA present in the aorta is very small indeed. Thus, it was concluded that the intima and media contain the following GAGs: CSB, CSC, HA, and HS, and through these studies it was possible to resolve the controversy to the presence in human aorta of CSB and the virtual absence of CSA. The Arterial Glycosaminoglycans in Atherosclerosis 479-significant changes in the concentrations of the medial CSB, HA, and HS were observed with,the progression of the lesion. However, CSC increased significantly in the fatty streak media, and the total medial GAG content, approximately half that of the intima, essentially reflects the changes in the CSC levels.
It should be noted that while the glycosaminoglycan levels reported in this investigation were based on the dry weight of the tissue, the results could also be expressed in terms of surface area. An approximately 10-fold increase in the dry-weight-to-surface-area ratio from the grade I to IV intimas was observed. This indicates that if the total GAGs were expressed in terms of surface area, there would be a net increase rather than a decrease with increasing severity of atherosclerosis. However, the ratio of the GAGs relative to each other would remain unchanged whether the data were expressed in terms of dry weight or surface area.
All GAG measurements reported in this paper refer to the standard GAGs, that is, to the dye-binding capacity of these macromolecules. Hence, any difference in the number of sulfate groups of a macromolecule, such as due to a change in the biosynthesis in the disease, would result in a change in both the dye-binding capacity and in the electrophoretic mobility. The change in the former property would then change the amount of that particular GAG. Therefore, the increase in the intimal CSB level would then be interpreted as an increase in the number of sulfate groups. Likewise, the decrease in the HS levels could reflect fewer sulfate groups. However, it should be emphasized that the actual changes in the net charge of the aortic GAGs cannot be significant, since the electrophoretic mobilities of these macromolecules on cellulose acetate were found to be independent of the degree of the atherosclerotic involvement of the intima and media. Thus, the increased color values of CSB actually reflect an increase in the amount of this GAG, and the decrease in the color value of HS indeed reflects a decrease in the level of this acid mucopolysaccharide.
Since the major changes in the normal levels of the GAGs, especially in CSC, have been shown to occur during the first two decades of life (5), our investigation was limited to individuals past their second decade to minimize differences in the GAG levels caused by maturation. Hence, the changes in the aortic GAG levels observed in our investigation most probably reflect the consequences of atherosclerosis. In addition, a control study involving measurements of the concentrations of ,the GAGs of the relatively normal area and of the adjacent diseased area of the same intima, revealed that the differences in the GAG levels were essentially independent of the age of the patient.
Although the exact role of the arterial GAGs and the changes in their levels in atherosclerosis have not been established, there is some evidence that these macromolecules could be involved in the deposition of lipids, lipoproteins, and collagen in the atherosclerotic plaque. It has been clearly demonstrated in vitro that the sulfated GAGs can form insoluble complexes with serum low density and very low density lipoproteins in the presence of certain cations such as Ca', Mg+, and Mn+ (36) (37) (38) . Recent studies indicate that a similar interaction of GAGs with lipoproteins and calcium can occur in vivo in the diseased vessel (39) . The in vitro studies of Iverius (13, 40) on the interaction between plasma lipoproteins and GAGs suggest that in the arterial wall CSB has the strongest affinity for the low density and very low density lipoproteins. These studies, together with the present observations that the CSB concentrations are elevated in the atherosclerotic vessel, may provide an explanation for the accumulation of low density and very low density lipoproteins in the atherosclerotic plaque (41) .
The low concentration of HA in the intima and media is probably in agreement with the small amount of this GAG required for the aggregation of the proteoglycans, as suggested by Hardingham and Muir (35) . In the diseased intima, CSB, which has been found in scar tissue of the cornea (42) , has been shown to be involved in the formation of collagen fibrils (43, 44) , and its increased level may be directly related to the increased deposition of collagen (45) in the atherosclerotic intima.
